material and appeared mobile in the root zone. In the zone below active plant growth, As and Sb were 23 associated primarily with inorganic phases suggesting a release and reprecipitation of these elements upon 24 plant death. The co-existence of reduced and oxidized As and Sb species, instability of some phases under 25 changing redox conditions, and plant uptake and release pose challenges for remediation efforts at the 26 Elemental analysis was carried out on 73 sediment core sub-samples from BP, BCC, and BCV 3 using hot aqua regia digestion and subsequent analysis by ICP-MS at ACME Analytical Laboratories, 4
Vancouver, Canada. The QA/QC calculations for laboratory standards and duplicates are shown in Table  5 1. 6 Previous work (Walker et al. 2005 ) on samples from Giant mine has shown that conventional X-7 ray diffraction is rarely useful for identification of As-and Sb-bearing phases because they are present in 8 low modal quantities. Synchrotron-based microXRD has the advantage of grain-specific analysis and the 9 effective filtering of quartz, feldspar and other silicates that would dominate a conventional XRD pattern, 10 which are eliminated from the diffraction pattern because they are too coarse-grained to diffract under 11 most synchrotron microprobe experimental conditions (Jamieson et al. 2011) . 12 The XANES spectra of BP, and BCV sediment, the calcine, and the ESP residue were collected at 13 the Sb K-edge (30,491 eV), and six sediment samples from BP, the calcine and ESP residue at the As K-14 edge (11,868 eV), over two sessions at the PNC-XOR undulator beamline 20-ID at the Advanced Photon 15 Source. Because the BCV samples contained a significant amount of organic matter, a thermoelectric 16 cryostage was used to cool the samples to -20C to avoid beam-induced oxidation or reduction of Sb due 17 to the burning of organic matter. A Si(311) double-crystal monochromator was used to control the X-ray 18 energy and spectra were collected in fluorescence mode using a 7-element Canberra Ge(Li) detector. 19 Three to five scans were collected for each sample. Individual scans were calibrated to an Sb 2 O 3 standard 20 run simultaneously. The first and last scans exhibited consistent edge position, thereby confirming no 21 beam damage had occurred. The beam size used in the collection of bulk XANES data was 0.5 mm. 22 Processing of XANES data was carried out using ATHENA software. Linear combination fitting 23 was performed on the normalized As spectra, 50eV over the edge position, and on the Sb derivative 24 spectra 100eV over edge position (Fawcett et al., 2010) . The model compounds used in fitting Sb K-edge 25 spectra were selected based on findings in Fawcett et al. (2010) Scorodite, arsenolite, arsenopyrite, and orpiment were employed in fitting As K-edge spectra. Scorodite 2 (M6303) and arsenopyrite (M5579) were acquired from the Miller museum at Queen's University, 3
arsenolite is a J.T. Baker reagent, and orpiment was acquired from the APS standards collection. 4
Synchrotron-based element maps were collected during the same sessions as the XANES collection 5 by orienting thin sections 45º to the beam and scanning with a reduced beam size (5m compared to 6 0.5mm used for bulk XANES analyses). The setup and capabilities of the microprobe end station at 7 PNC/XOR are described in detail by Heald et al. (2007) . Environmental Scanning Electron Microscopy 8 (ESEM) was performed on the Zeiss Evo 50 Environmental Scanning Electron Microscope at the 9 Geological Survey of Canada in Ottawa on the two BCV thin sections that were mapped by synchrotron 10 microprobe. The ESEM utilizes an Oxford Inca Energy 450 X-ray micro-analysis system for elemental 11 and phase analysis. 12
The horsetail samples were analyzed for total elemental concentrations by ICP-AES at the 13 Analytical Services Unit, Queen's University, Canada. Based on duplicate samples, the relative standard 14 deviation of As in plant analyses is 6.5%, and Sb is 3.4%. 15
Results 16

Roaster Products 17
The total concentrations of As and Sb were high in the calcine and ESP residue relative to 18 sediments at the study site: 3317 ppm Sb and 24,905 ppm As in the calcine, and 10,677 ppm Sb and can be determined (based on shape and edge-position comparisons with model compounds), but not the 24 specific compounds. Additionally, it is not possible to distinguish between a mixed-oxidation state 25
Although it is evident that most of the arsenopyrite was oxidized in the roaster, some did remain 4 in the calcine. However, none of the Sb-sulfide minerals originally present in the ore remained in the 5 roasted material. The As and Sb oxide phases showed a similar pattern in that there is a higher proportion 6 of As(V)-O and Sb(V)-O phases in the calcine, and a higher proportion of As(III)-O and Sb(III)-O phases 7 in the ESP residue (Figure 2) . 8
Water from Tailings Ponds 9
The pH in the tailings, settling, and polishing ponds ranged from 7.4-8. The most significant finding from the surface water data is that Sb remained elevated in water 18 after treatment. Arsenic, on the other hand, was effectively removed by the water treatment system to 19 below the effluent discharge limit of 0. inorganic sediment and organic material, and the deepest zone was a light grey and orange clay material. 7
The BCC core was brownish coloured in the top 8cm and grey in the deeper parts. The top of the core is a 8 mixture of clay and coarser grains, which gradationally changes with depth to clay-rich sediment. The 9 channel sediment is unvegetated. 10
Total Concentrations in sediment and pore-water 11
As shown in Figure 5 , pH values in pore-water are close to neutral. Concentrations of Fe, Ca, S, and 12
Mn in sediment are shown in Figure 6 . Elevated As and Sb concentrations throughout the entire length of 13 the core from BP indicate that sediments down to -35cm have been impacted by mining activities (Figure  14 7). The Canadian interim sediment quality guideline for As is 5.9 ppm. There are no Canadian sediment 15 quality guidelines for Sb. In the sediment, the maximum concentrations of As were 2000 ppm and of Sb 16 were 461 ppm, and in the pore-water, maximum concentrations were 62.3 mg/L and 1.97 mg/L, 17 respectively. The concentrations of As and Sb in pore-water at BP were much higher than those at BCC 18 and BCV. Although the distribution of As and Sb in sediment at BP was similar, their distribution in the 19 accompanying porewater samples was dissimilar. Aqueous Sb was highest between 0 and -2.5cm 20 (surficial layer), higher than in the surface water immediately above the sediment-water interface (0.32 21 mg/L), indicating the sediment is a source of aqueous Sb. In contrast, As was concentrated between -22 7.5cm and -22.5cm. The normalization ratios of aqueous concentration/sediment concentration 23 (representing the mass of element released to the pore-water per mass of element in the sediment) 24 generally were higher for As than for Sb, indicating that As was more readily mobilized than Sb, except 25 in the surficial layer where the ratio for Sb was higher than that for As. 26 were similar in sediment and in pore-water except between -4cm and -8cm where As appeared to have 3 partitioned preferentially into the pore-water, and the normalization water/sediment ratio indicated an 4 increase in mobilization of As over the same interval. Between -10cm and -15cm, aqueous As and Sb 5 concentrations increased and pH decreased to 6.1 from a maximum of 7.4 above and below the interval, 6
coinciding with a peak in S 2-concentration to 44 g/L from 35 g/L above and below the interval. 7
Overall, As and Sb at this site appear to be well attenuated given that the normalization ratio plotted in 8 Figure 7c is two orders of magnitude lower than those shown for BP and BCC. 9
The maximum concentrations of As and Sb in sediment were lower at BCC than at the other sites, 10 580 ppm and 63 ppm, respectively. As observed in BP and BCV, the distribution of As and Sb in BCC 11 sediment was similar yet the distribution of aqueous As and Sb was different. Antimony was elevated in 12 the pore-water only at and above the sediment-water interface (SWI). Aqueous As, but not Sb, was 13 elevated over the mid-core enrichment interval. Overall, the normalized profile indicates As to be more 14 readily mobilized than Sb. 15 16
Aqueous Speciation 17
It is widely recognized that disequilibrium conditions dominate with respect to redox reactions in 18 low-temperature aqueous systems (Nordstrom and Munoz, 1994 Hence, the approach taken in this study was to characterize the redox conditions in these waters by 22 measuring the concentrations and trends of the main redox species (Fe, S, As, and Sb). 23
At BP, As(V) was the predominant species in pore-waters from 0 to -2cm, below which As(III) 24 dominates ( Figure 8a ). In contrast, Sb(V) persisted as the more prevalent Sb species at all depths ( Figure  25 8b). At BCV, most of the sediment profile below the SWI appears to be more reducing than the sediments 26 14 at BP, as indicated by the relatively high Fe(II) concentrations (20-22 mg/L over the interval from -5cm to 1 -20cm) and lower SO 4 concentrations (3-6 mg/L over the same interval) (Figure 8c ). With the exception 2 of one sub-sample above the SWI, the most prevalent As species is As(III). As was seen in BP, Sb shown). Figure 12 shows the ESEM-BSE (backscattered electron) image and microprobe maps of the 6 thin-section prepared using sample from BCV-1, the sample collected 1cm above and below the defined 7 sediment-water interface. Although there are some small high-count spots in the inorganic aggregates, as 8 seen in the microprobe maps, the bulk of the As and Sb is associated with the organic material. Figure 13  9 shows the ESEM-BSE image and microprobe maps of BCV-10, the sample collected from -21 cm to -23 10 cm, well below the interval of dense vegetation and root penetration. Although live plant parts are absent 11 from this depth there remains older, buried fragments of plants. At this depth the microprobe maps show 12 an association of As and Sb with the inorganic material, rather than the organic material as was observed 13 in BCV-1. 14
Discussion 15
Distinguishing Anthropogenic and Diagenetic Controls on Speciation 16
The solid-state speciation results show a higher proportion of the As(III)-O and Sb(III)-O phases 17 resides in the ESP residue compared to the calcine. Gaseous As 2 O 3 was generated in the roaster and 
Controls on Mobility 12
The source of the As and Sb in BP sediment is primarily tailings consisting of the calcine and 13 ESP residue deposited during turbulent spring flow events prior to 1981 (when the mine gained greater 14 control over waste disposal). Figure 6 shows that in the surficial zone in sediments at BP, Sb 15 concentrations in pore-water are elevated relative to the other sites, indicating a soluble source of Sb. It is 16 unlikely that mobile Sb is due to oxidation of Sb sulfides and sulfosalts in the oxidized zone because the 17 primary Sb minerals were completely converted to oxides in the roaster. reduce under higher oxidizing conditions than As given the same pH and water composition, in 6 contradiction to the observed results. Hence, the co-existence of As(III) with Sb(V) suggests differences 7 in source mineral dissolution, aqueous redox kinetics or preferential reduction of As over Sb via microbial 8 activity. Little information is available on microbial reduction rates of aqueous Sb(V) (Fillela et al.,  9 2007), however, there is some information on relative oxidation rates of As(III) and Sb(III). Laboratory 10 experiments demonstrate that when As(III) and Sb(III) are co-oxidized or oxidized separately with 11 microbial oxidizers under the same conditions at circumneutral pH using Giant Mine groundwater, As(III) 12 oxidized about 3 orders of magnitude faster than Sb(III) (Asta et al, 2011) . It might be reasonable to 13 assume that microbial reduction of As(V) is also faster than microbial reduction of Sb(V). Andrade et al. (Figure 5 ), which is similar to pH declines observed in the lowland rice rhizosphere (Kirk 15 and Bajita, 1995). Within the same zone there is a peak in pore-water concentrations of As, Sb, and S 2-. 16 An oxygen influx from the roots to the sediments appears to be oxidizing the secondary As and Sb S-17 bound phases and causing acidification of the rhizosphere; thus mobilizing Sb, As, and S However, there is little focus on remediation measures for contaminants other than As, the assumption 20 being that the risk from exposure to As is the most serious concern, and that remediation of high-As 21 materials will likely lower concentrations of other elements of concern. 22 Baker Creek, the location of the three sample site in this study, is an important part of the Giant 23
Mine remediation plan since the creek flows through the mine property and provides one of the routes 24 whereby dissolved As and Sb are discharged into Great Slave Lake, and contains contaminated sediments 25 and vegetation. There are several options for Baker Creek, including diversion and sediment removal. 26
21
The research reported in this paper was conducted in parallel with the remediation plan, and 1 offers several results that were not covered in previous studies and have direct implications for 2 remediation options: 3
(1) The distribution of As and Sb sediment and pore water concentrations with depth ( Figure 7 ) 4 indicates that sediments continue to be a source of these elements to the overlying surface water. For both 5 BCC and BCV, it is clear that As-and Sb-enriched pore water is migrating upwards from highly 6 contaminated buried sediments, which are the legacy of spills in the past. This phenomenon will continue 7 even if other sources of As and Sb to Baker Creek, such as discharge from the water treatment plant, or 8 leaching from contaminated soils adjacent to the creek bed, are reduced. 9
(2) Aquatic vegetation has an important effect on the mobility of As and Sb. Historically, the 10 proliferation of horsetails behind the barrier constructed at the outlet of Baker Creek trapped the 11 particularly As-and Sb-rich fine particles released by spills and tailings pond decants, resulting in much 12 higher sediment concentrations of these contaminants compared with the main creek channel. and at all depths when As and Sb loading is relatively low. In contrast, As is relatively mobile in reducing 22 environments and is more readily attenuated in the surficial zone. Finally, the oxidized species of Sb and 23 the reduced species of As dominate the pore-waters in the reduced zones. Contrary to what may be 24 predicted based on the aqueous speciation alone, Sb is undergoing post-depositional changes, but unlike 25
As, the cycling of Sb may involve the preferential partitioning of the reduced species to the solid phase or 1 controlled by a pyrochlore mineral phase unique to the Sb system. This highlights the importance of 2 studying both the aqueous and solid-phase speciation. 3
Research into the the mobility of Sb in mining environment is becoming more prevalent. 4 However, in order to understand the geochemical behaviour of this element, reliable thermodynamic data, 5 most notably for the oxyanion equivalents of As, are needed. Furthermore, the adsorption dynamics and 6 relative affinities of As and Sb on different mineral surfaces should be directly compared in studies as 7 these elements are often associated in the environment and may compete for sorption sites. Given this 8 information the relative mobility of co-existing As and Sb could be more accurately predicted. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27 
